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The differences in the outer membrane permeation between two major subgroups of B-lactam antibiotics 
were studied. The permeation of cephalosporins was closely related to porin channels in the outer mem- 
brane. In contrast, the outer membrane permeation of penicillins did not decrease in porin-deficient mutants 
and, in Rd-type mutants, their permeability became proportional to the hydrophobicity of the molecules. 
The activation enthalpy of the penicillin permeation was significantly larger than that of cephalosporins. 
These observations indicate that penicillins can use the hydrophobic region for the major route of outer 
membrane passage whereas the cephalosporin permeation is restricted to the pathway via the porin pore. 
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1. INTRODUCTION 
&Lactam antibiotics must permeate the outer 
membrane of gram-negative bacteria to reach their 
target [1,2]. It has been claimed by many workers 
that fl-lactam antibiotics use porin channels as a 
pathway for their outer membrane passage [3-51. 
This concept was also supported by the fact that 
mutants lacking the Omp F and Omp C proteins in 
Escherichia co/i cause a significant decrease in 
bacterial susceptibility to cephalosporins [3,6]. On 
the other hand, it is known that the alteration in 
bacterial susceptibility to ampicillin in the porin- 
deficient mntants is evidently smaller than the case 
of cephalosporins ]3,6,7], suggesting the presence 
of an additional pathway other than porin chan- 
nels for penicillin permeation [7]. An interesting 
fact is that such a difference in the porin-deficient 
mutants between cephalosporins and penicillins 
does not seem to be based on the difference in their 
hydrophobicity or molecular size [3,6,7]. In [8,9], 
we demonstrated that penicillins such as ampicillin 
and benzylpenicillin could permeate the phospho- 
lipid bilayer membrane very much faster than 
cephalosporins possessing similar hydrophobicity. 
This study was carried out to confirm that 
penicillins can use pathways other than the porin 
channels for the major route of outer membrane 
passage in E. coli. 
2. MATERIALS AND METHODS 
2.1. Bacterial strains 
E. coli YA21 (a derivative of E. coli K12; 
F-,met,leuJ) and YA21-6 (T4’ mutant of YA21 
with heptose-deficient LPS [ 10,111) were generous 
gifts from S. Mizushima. E. coli YA2lCl is a 
spontaneous mutant lacking Omp C and Omp F, 
and isolated from YA21 on the basis of cefoxitin 
resistance. To assay outer membrane permeation 
of ,&lactam antibiotics by the method utilizing 
periplasmic fl-lactamase [I], we infected the 3 E. 
colt’ strains with an R plasmid, RGN823, which 
mediates type Ib ,&lactamase (TEM-2 ,&lactamase) 
production [7]. 
2.2. &Lactam antibiotics 
&Lactam antibiotics were kindly provided by 
the following pharmaceutical companies: ben- 
zyl~nicillin and ampicillin, Meiji Seika Co., 
Tokyo; ceftezole and cefazolin, Fujisawa Phar- 
maceutical Co., Osaka; cephalexin and piperacil- 
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2.3, ~e~errni~af~o~ of outer rnemb~~~e 
permeability parameter of /_?4actalvz 
antibiotics 
Exponentially growing cultures of E. co/i in 
200 ml of penassay broth (Difco Co.) were 
harvested by centrifugat~on for 15 mia at SO&I x g 
at 20°C. Ceils were washed once with 50 n-d of 
phosphate-buffers saline (pH 7,O) containing 
I mM magnesium s&fate and res~s~e~d~d in 
20 ml of the same buffer. A portion of this suspen- 
sion was sonicated for 2 min at 0°C with a &an- 
son cell disruptor model 200 in order to liberate the 
periplasmic ,&lactamase. This suspension was used 
to measure the velocity of ,&lactam hydrolysis by 
disrupted cell suspensions (V&m&+ The rest of the 
ceil suspension was directly used for the assay of 
the velocity of hydrolysis by intact cell suspensions 
(QW). Just after the assay of Vintactr the intact cell 
suspension was quickty centrifuged for 1 min by 
an Eppendorf centrifuge model 5412 and $- 
Iactamase activity of the supe~~ata~t was 
measured (v,,,). Hydrolysis off-iactam antibiotics 
was measured by a modified mi~roiodometri~ 
method as in [I]. 
The permeability parameter C (= PA) was 
calculated using Fick’s law of diffusion by the 
method described in [14], which was modified as 
follows: 
Y- mi3x = (1 + ~~~~~~- Vdismpt 61 
si = Ic, * %ntactff v*ax - %tac*) (ii) 
c = v&c * siii@L f si)/&% - Si] (iii) 
where S, and Sr are concentrations of ,&iactam an- 
tibiotics in the medium and in the periplasmic 
space of the cells, respectively, at the steady state. 
The permeability parameter was normalized by the 
dry weight of cells in the assay mixture. 
2.4. S~S-po~yac~y~amide gel e~~c~~~~~~re~i~ of 
outer membrane proteins 
Grude membranes were prepared by sonic 
disr~~ti~~ of the mod-dog-phase c lls as in f?] and 
then incubated in IO mM phosphate buffer (pH 
7,O) ~o~~~ing 2% sarkosyl NL-97. The pellet, 
after ce~trifu~ation at ~~~ x g for Lso min at 
IO”C, was washed twice with I% sarkosyf solution 
and used as the outer membrane preparation* SDS- 
po~ya~r~lamide slab gel eie~trophoresis of the 
outer rnemb~~~e in the presence of 8 M urea was 
performed by a modification of the method of 
Mizushima and Yamada [IZ]. Thin (0.8 mm) slab 
gels were composed of 8% acrylamide, 0.13(110 
N,N-methylenebisacrylamide, 0.5% SDS, 8 M 
urea and 0.1 M sodium phosphate (pH 7.2). 50 pl 
of outer membrane suspension (25O(rg protein) 
was mixed with 200~1 of 1.25% SDS-1.25% ,& 
mercapt~~tha~o~ sotution and heated in boiling 
water for 5 min and then I85 mg of urea and 25 yl 
of 3% BPB was added to the mixture. Tenpl of the 
mixture was loaded on the stab geI and the efec- 
trophoresis was carried out as in [7], 
3. RESULTS AND DISCUSSION 
3.1. Outer membrane components of the straks 
used in this experiment 
E. coli YAZ1 is a wild-type strain with regard to 
the outer ~~e~~br~e j13f, while E. co& YA21-6 is 
a mutant completely lacking heptose in its 
~i~polysac~haride chain (Rd mutant) (fig. I) 
it f ,131, As is obvious from the SDS-PAGE pat- 
terns in fig& E. co& YA21 had both porin proteins 
Omp F and Omp C, and the amount of Omp F 
protein was somewhat larger than that of Qmp C 
protein. Only a trace amount of porins could be 
detected in the SDS-PAGE patterns of outer mem- 
brane proteins from cefoxitin resistant strain 
YA21C1, Rd mutant YA2l-6 also had both Omp 
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Fig.1. The structure of the oligosaccharide region of 
lipopolys~c~~~r~de of E. cofi YA21 (wild type) and 
YAZI-6 (Rd type). Data were taken from Yo and 
M~~sh~rn~ [ 131. G$cNAc, ~-acety~g~ucosam~n~~ GIc, 
glucose; Gal, galactose; Hep, heptose; K~~-L~~id A 
Region, the region contai&ng 2-ket~-3-deo~yoctanoai~ 
ax% lipid A. 
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Fig.2. Gel electrophoretic profiles of outer membrane 
proteins of E. coli YA21, YA2lCl and YA21-6. Gel 
electrophoresis was performed as described in section 2. 
Lane A, YA21; lane B, YA2lCl; lane C, YA21-6. 
coli YA21, the amount of Omp F porin was 
smaller than that of Omp C porin. 
3.2. Dependency of outer membrane permeation 
of penicillins and cephalosporins on the 
hydrophilicity of the molecules 
Fig.3 shows the relationship between outer 
membrane permeability of ,&lactam antibiotics 
and hydrophilicity of the drugs, which was com- 
pared between E. coli YA21 and its porin-deficient 
mutant YA21Cl. In the wild strain YA21, the 
permeability was directly proportional to their 
hydrophilicity, though the dependency for 
penicillin permeation on hydrophilicity was 
smaller than the case of cephalosporins. The 
permeability of cephalosporins in the porin- 
deficient mutant YA21Cl was lower by a factor of 
one order or more when compared with the wild 
strain. Such a reduced permeation of 
cephalosporins in the mutant was even propor- 
tional to the hydrophilicity of the molecules. Thus 
the permeation of cephalosporins in the porin- 
deficient mutant was probably performed by the 
trace amount of porins remaining. 
In contrast, penicillins showed higher 
permeability in the porin-deficient mutant than in 
the wild-type strain (fig.3). The increased 
permeability in the mutant strain was also propor- 
t 
0 0.5 
Hydrophllicity ( Rt value ) 
0 
Fig.3. Outer membrane permeability of fl-lactam 
antibiotics in E. coli YA21 and YA2lCl (porin- 
deficient). Outer membrane permeability was measured 
as described in section 2. Rf was determined by reversed- 
phase thin layer chromatography as in [9]. Triangles 
represent cephalosporins and circles represent 
penicillins. Open symbols with solid lines denote the 
permeability to YA21 and closed symbols with broken 
lines represent that to YA2lCl. a, ampicillin; b, 
benzylpenicillin; c, apalcillin; d, piperacillin; e, 
ceftezole; f, cefadroxyl; g, cefazolin; h, cephalothin. 
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tional to the hydrophilicity of penicillins. Such a 
phenomenon could not be explained by the known 
concept that penicillins only use porin channels as 
the route for outer membrane permeation. It has 
been reported that the mutational deletion of ma- 
jor outer membrane proteins causes disorder of the 
outer membrane structure resulting in the ap- 
pearance of a phospholipid layer on the outer 
leaflet of the outer membrane [141. The increase in 
permeability in the mutant strain became pro- 
gressively greater as hydrophobicity of penicillin 
was raised, and this phenomenon might be due to 
the phospholipid layer permeation. However, the 
absolute permeability of penicillins was propor- 
tional to their hydrophilicity even in a porin- 
deficient mutant. Such a complex phenomenon 
may be attributed to the barrier function of the 
polysaccharide chain layer on the surface of the 
outer membrane. In [7], we demonstrated an in- 
teresting fact by using an artificial membrane vesi- 
cle composed of bacterial phospholipids and 
lipopolysaccharides from E. coli that the polysac- 
charide chain layer on the vesicle acts as a barrier 
against he permeation of hydrophobic solutes into 
the vesicle. 
To elucidate the role of polysaccharide chains in 
the outer membrane permeation of ,&lactams, we 
measure the permeability of P-lactams in Rd mu- 
tant YA21-6 which lacks most of the polysac- 
charide chains [13]. As shown in fig.4, the outer 
membrane’ permeability of penicillins in the mu- 
tant was clearly proportional to hydrophobicity of 
the drugs. On the other hand, cephalosporins 
showed permeability which was still proportional 
to their hydrophilicity even in the Rd mutant. It 
should be noted that the total amount of porin 
proteins in the Rd mutant was about the same as 
that of the wild strain though the amount of Omp 
F porin was somewhat lower than the wild type. 
The results obtained with the Rd mutant strongly 
suggest that the permeation via the hydrophobic 
region was predominant in the outer membrane 
permeation of penicillins in E. coli. However, this 
concept is in disagreement with the common 
knowledge that the usual penicillins pass through 
the outer membrane via the porin pore. 
There may be another criticism that the high 
permeability of penicillins in the outer membrane 
mutants is attributed to the unusual structure of 
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Fig.4. Outer membrane permeability of ,&-lactam 
antibiotics in E. coli YA21-6 (Rd mutant). Permeability 
and Rf were measured as in fig.3. Open and closed 
circles represent the permeability of penicillins and 
cephalosporins, respectively. Abbreviations are the same 
as in fig.3. 
similar phenomenon occurring in the normal outer 
membrane. 
3.3. Temperature dependency of outer membrane 
permeability of P-lactams 
To investigate the permeation route of ,&lactams 
from a physicochemical point of view, the 
temperature dependency of the permeability was 
measured. If a solute permeates through the 
hydrophobic region of the outer membrane, the 
enthalpy of the permeation should be higher than 
that of the permeation through a water-filled porin 
pore, because dehydration of a solute is required 
for dissolving into a hydrophobic region [ 151. The 
enthalpy necessary to pass through the porin pore 
could be roughly estimated to be equal to that of 
the diffusion in bulk water phase, which is around 
1.3 kcal/mol [15]. On the other hand, the enthalpy 
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of the permeation through the phospholipid 
bilayer is more than 10 kcal/mol and increases in 
proportion to the hydrophilicity of the molecule 
[161. 
As shown in fig.5, the outer membrane 
permeability of the hydrophobic penicillin, 
apalcillin showed the same temperature dependen- 
cy in the wild strain as in the porin-deficient 
mutant. The enthalpy for the apalcillin permeation 
was 16-17 kcal/mol (table l), which is about the 
same as that for the lipid bilayer permeation. On 
the other hand, the enthalpy for the outer mem- 
brane permeation of cefazolin was significantly 
smaller than that of apalcillin (table 1). If cefazolin 
utilizes the hydrophobic region as the major route 
of outer membrane permeation, the enthalpy for 
its permeation should be larger than that of apal- 
cillin because cefazolin is more hydrophilic than 
apalcillin. However, the value found was of about 
the same order as that for the diffusion in bulk 
water phase. These results suggest that cefazolin 
and apalcillin permeate the outer membrane of 
wild strain via different pathways, i.e., water-filled 
porin pore and hydrophobic region composed of 
hydrocarbon chain, respectively. 
The temperature dependency of ampicillin 
permeation in the wild strain was significantly 
greater than the case of cefazolin permeation 
(fig.6). The enthalpy for ampicillin permeation 
was estimated to be 24 kcal/mol which is also 
larger than that for apalcillin permeation. Such a 
;::. -:Q., :-5-; - -0- o l h
I I I 
3.2 3.3 34 
l/T (K-l ) 
x10-3 
Fig.5. Temperature dependence of outer membrane 
permeability of apalcillin in E. coli YA21 and YA2lCl . 
The permeability was measured as described in section 2. 
Open and closed circles represent the permeability to 
YA21 and YA21C1, respectively. 
3.3 34x10-3 
l/T (K-1) 
Fig.6. Temperature dependence of outer membrane 
permeability of ampicillin and cefazolin in E. cofi YA21. 
The permeability was measured as in fig.6. Open and 
closed circles represent he permeability of cefazolin and 
ampicillin, respectively. 
higher enthalpy for ampicillin permeation may be 
reasonable when it permeates through hydropho- 
bic regions, because ampicillin is more hydrophilic 
than apalcillin. These results suggest that the 
pathway through the hydrophobic region plays a 
great role in the outer membrane permeation of 
penicillins even in the normal outer membrane, 
whereas cephalosporins are restricted to the 
pathway via porin pore. 
On the basis of the ,&-lactam resistance of porin- 
deficient mutants, Jaffe et al. [6] and Alphen et al. 
[3] assumed that ampicillin permeates the outer 
membrane mainly via the Omp F porin channel 
rather than the Omp C porin channel, whereas 
cephalosporins permeated via both Omp F and 
Omp C porin channels on the basis of the fl-lactam 
resistance of porin-deficient mutants. However, it 
should be noted that the increase in ampicillin 
resistance of the porin-deficient mutants was 
significantly smaller than that in cephalosporin 
resistance [3,6]. We also found a similar 
phenomenon [7]. These observations indicated the 
presence of an additional pathway for outer mem- 
brane permeation of ampicillin. Here, we offered 
additional evidence that penicillins involving am- 
picillin can use the hydrophobic region as a major 
route for its outer membrane permeation in con- 
trast to cephalosporin, the permeation route of 
which is restricted to porin channels. 
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On the other hand, there is the conflicting fact 
that, in reconstituted outer membrane vesicles, 
ampicillin can permeate through the porin channel 
depending on the dose of porin proteins in the 
membrane (unpublished). Penicillins might be 
transported into the periplasm via two different 
pathways. Even so, it is obvious from this study 
that the permeation through the hydrophobic 
region plays an important role in ampicillin 
permeation in living cells. It will also be interesting 
to know the molecular basis of such a difference in 
outer membrane permeability between penicillins 
and cephalosporins. 
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